The BRAIN Initiative arose from a grand challenge to "accelerate the development and application of new technologies that will enable researchers to produce dynamic pictures of the brain that show how individual brain cells and complex neural circuits interact at the speed of thought." The BRAIN Initiative is a public-private effort focused on the development and use of powerful tools for acquiring fundamental insights about how information processing occurs in the central nervous system (CNS). As the Initiative enters its fifth year, NIH has supported Ͼ500 principal investigators, who have answered the Initiative's challenge via hundreds of publications describing novel tools, methods, and discoveries that address the Initiative's seven scientific priorities. We describe scientific advances produced by individual laboratories, multi-investigator teams, and entire consortia that, over the coming decades, will produce more comprehensive and dynamic maps of the brain, deepen our understanding of how circuit activity can produce a rich tapestry of behaviors, and lay the foundation for understanding how its circuitry is disrupted in brain disorders. Much more work remains to bring this vision to fruition, and the National Institutes of Health continues to look to the diverse scientific community, from mathematics, to physics, chemistry, engineering, neuroethics, and neuroscience, to ensure that the greatest scientific benefit arises from this unique research Initiative.
Introduction
The U.S. Brain Research through Advancing Innovative Neurotechnologies (BRAIN) Initiative is the most ambitious neuroscience project to date, focusing on transforming our understanding of how the nervous system processes massive amounts of information, in real time, to generate our experience of the world and our actions in it. Truly a public-private endeavor, the National Institutes of Health (NIH) is one of myriad federal and nonfederal organizations supporting the researchers attacking the questions of the CNS (Alivisatos et al., 2012) . Although the success of the BRAIN Initiative will undoubtedly rest on the shoulders of all those involved, this article highlights the NIH contribution over the past 5 years. Guided by broad input from the scientific community, BRAIN 2025: A Scientific Vision, presented to the Advisory Committee to the NIH Director (ACD) in 2013, serves as the strategic plan for the NIH BRAIN Initiative (https:// braininitiative.nih.gov/2025/index.htm). Bolstered by the scientific input of the BRAIN Multi-Council Working Group (MCWG) of nongovernmental experts, BRAIN progress has accelerated with each succeeding year. With the Initiative now in its fifth year, the NIH recently made Ͼ100 new BRAIN Initiative awards, totaling $169 million (Fig. 1 ). This acceleration has been powered by increases in funds appropriated by Congress specifically for the Initiative, not by diversion of funds from other important neuroscience research. Despite its high profile, it is important to note that the BRAIN Initiative remains Ͻ10% of the total NIH investment in Neuroscience (https://report.nih.gov/ categorical_spending.aspx). As a result of this investment, NIH has been able to support a suite of projects with a breadth and depth that previously could only be imagined. Indeed, in colloquial circles, the BRAIN Initiative has been compared with the space program and called the "moonshot between our ears." A stipulated goal of the Initiative is to develop and disseminate tools that will advance a wide spectrum of neuroscience discovery, synergizing with the overall neuroscience investments at NIH to bolster scientific advancement. Looking ahead, these increases in funding and the need for synergy warrant the creation of a new ACD Working Group focused on the second half of the Initiative (https://acd.od.nih.gov/working-groups/brain2.0.html). BRAIN 2025 notes that the NIH BRAIN Initiative must adapt in response to the evolving scientific landscape, and this new Working Group will review Initiative progress to suggest changes to the specific goals of BRAIN 2025 and identify new and unique opportunities for research and technology development, incorporating neuroethics, and the training and empowerment of the broader neuroscience community.
Structure of the BRAIN Initiative
Within NIH, the NIH BRAIN Initiative is managed by staff from the 10 Institutes and Centers (ICs) whose missions and current research portfolios complement the goals of the Initiative: National Center for Complementary and Integrative Health, National Eye Institute, National Institute on Aging, National Institute on Alcohol Abuse and Alcoholism, National Institute of Biomedical Imaging and Bioengineering, Eunice Kennedy Shriver National Institute of Child Health and Human Development, National Institute on Drug Abuse, National Institute of Deafness and Communication Disorders, National Institute of Mental Health, and National Institute of Neurological Disorders and Stroke. To ensure that NIH keeps the rapid pace outlined in BRAIN 2025, the 10 ICs coordinate at multiple levels, integrating strategic planning, management, and support of BRAIN research across NIH. In addition, the BRAIN MCWG, comprised of scientific members from the Advisory Councils of the 10 ICs that contribute to the NIH BRAIN Initiative, plus additional ad-hoc members, provides regular input and scientific guidance.
The NIH BRAIN Initiative is part of a larger effort with federal and private partners and, indeed, has taken on global proportions. In the United States, the BRAIN Initiative Alliance seeks to coordinate and facilitate communications on BRAIN-related efforts via a centralized website and includes the Kavli Foundation, the Simons Foundation, the National Science Foundation, the Intelligence Advanced Research Projects Activity, the Food and Drug Administration, the Allen Institute for Brain Science, and NIH (www.braininitiative.org). These organizations coordinate at a number of venues, including topic-specific workshops and the annual BRAIN Principal Investigators Meeting. At the international level, NIH has memoranda of understanding with Brain Canada, the Lundbeck Foundation of Denmark, and the Australian National Health and Medical Research Council to fund investigators from these countries working on NIH-funded BRAIN Initiative projects. There is complementarity between the NIH BRAIN Initiative and the European Commission's Human Brain Project, with collaborations encouraged by both funding agencies. Further, national brain projects in Korea, Japan, China, Australia, and Israel, as well as work in other countries developing neurotechnologies, could synergize with the Initiative to enable a deeper understanding of brain circuit structure and function. Recently, a group of countries participating in an International Brain Initiative, including the United States, issued a statement emphasizing the value of international communication and collaboration to accelerate scientific progress (https://www.nsf.gov/news/ news_summ.jsp?cntn_idϭ244044).
Strong interest has surfaced for addressing neuroethical implications of burgeoning neuroscience research efforts around the world, as captured by the annual Global Neuroethics Summit (https://globalneuroethicssummit.com/). Notably, BRAIN 2025 details the importance of integrating neuroethics throughout the research supported by BRAIN. The plan acknowledges that brain research entails ethical issues that are common to other areas of biomedical science while raising special ethical considerations as well. Given that consciousness, our innermost thoughts, and our most basic human needs arise from the brain, mechanistic studies of the brain regularly produce important social and ethical questions. Indeed, neuroscience research in general and the BRAIN Initiative specifically, with its focus on unraveling the mysteries of the human brain, generate many important ethical questions about how these new tools could be responsibly incorporated into medical research and clinical practice. In recognition of this, NIH established a Neuroethics Division of the BRAIN MCWG, which is composed of neuroethics experts and neuroscientists. This division serves to help ensure neuroethical considerations are fully integrated into the NIH BRAIN Initiative, provides input to the MCWG about ethical issues in current and proposed areas of BRAIN investment, holds consultations on individual BRAIN projects, and conveys information to investigators on identifying and addressing ethical issues. The Division organizes topical workshops that explore neuroethical implications of BRAIN Initiative research; topics to date have included research with human neural tissue and human neuroscience research using invasive and noninvasive neural devices, and privacy of brain activity data. Grounded in BRAIN research and informed by the scientific priorities outlined in BRAIN 2025, the Division developed a set of Guiding Principles to help frame and navigate the neuroethical questions that BRAIN-funded research will prompt. Additionally, in FY 2017, NIH began funding neuroethics research as part of the BRAIN Initiative. NIH relies on the perspectives and expertise of these MCWG working group and Division members, as well as the other federal and nonfederal organizations participating in the BRAIN Initiative, to form the best strategies to address the goals of the Initiative.
Circuit-focused tools and maps for a new era of neuroscience
The BRAIN Initiative is inspired by the drive to understand how our brains make us uniquely human and distinct individuals. From the discovery of electrical transmission of nerve impulses by Galvani, later explained by Hodgkin and Huxley (1952) , to the complex connectivity of Cajal's Golgi-stained neurons (Cajal, 1888) and Katz's explanation of synaptic signaling (Fatt and Katz, 1952; del Castillo and Katz, 1954) , neuroscience developed a more sophisticated, even molecular, understanding of the building blocks upon which information processing occurs in neural tissue. Typically, individual neuroscientists have chosen to work at specific spatial scales, ranging from the nanometer or even atomic scale of ion channels and transmitter receptors, to the intracellular level of molecular pathways, to the intercellular level of synaptic activity and its modulation, or to the systems level of transmission across the brain. Moreover, a range of temporal scales is equally daunting, from the millisecond of synaptic firing to the entire lifespan. Indeed, brain circuit activity is molded during development and by experiences throughout life. More complete descriptions are often feasible in organisms with simpler neural networks, or in specific nuclei in mammals. The breadth and extent of these scales make it daunting to attempt to advance theories that span them, yet spanning these scales is crucial to explain how the human brain actually works.
Within this diverse set of scales, the circuit is a key point of focus for two primary reasons: (1) neural circuits perform the calculations necessary to produce behavior; and (2) dysfunction at the level of the circuit is the basis of disability in many neurological and psychiatric disorders. In most psychiatric and substance use disorders, there is no pathology to be seen on brain examination. Yet, in these conditions as well as in neurological disorders, the psychiatric or neurologic signs and symptoms, which can be profoundly incapacitating, are the result of brain circuit activity gone awry. Unfortunately, the relevant brain circuit abnormalities remain invisible, relegating accurate diagnoses and rational therapy developments in many conditions to a "best guess." The promise of the BRAIN Initiative is to facilitate an understanding of how neural circuits produce behavior, thereby enabling us to understand the nature of circuit dysfunction in brain disorders. In the service of developing a neural circuitbased understanding of the brain, and building toward a more comprehensive understanding that bridges across scales, the BRAIN Initiative consolidates its mission into three goals: (1) to build tools to monitor and modulate circuit activity; (2) to construct detailed maps of the brain that start with circuits and extend across multiple scales; and (3) to employ these tools and maps to expand knowledge of how circuits function to enable perception, emotion, cognition, and action. Guided by BRAIN 2025, these efforts are organized into seven pillars of investigation, each with an aspirational goal.
The BRAIN Initiative and the Seven Pillars 1. Discovering diversity. Identify and provide experimental access to the different brain cell types to determine their roles in health and disease.
Aspirational goal: Recent high-throughput molecular profiling of individual brain cells by RNA-sequencing and chromatin methylation analysis puts a comprehensive regional cell census of the human brain within reach of the BRAIN Initiative. The brain is an intricate cellular matrix of neurons, glia, immune, and vascular cells that are highly ordered in networks that subserve brain-specific functions. A bottom-up approach to understanding these networks requires the ability to functionally classify and categorize cell types. Importantly the -omic-based classification of brain cell types leads not simply to a library of cells but also provides the "-omic keys" that open the door for investigators to specifically label cells for connectomic tracing, or to record and modulate their activity to define their roles in the network.
Progress to date has been remarkable. In 2014, ten 3-year pilot grants were awarded via the BRAIN Initiative to develop classification strategies and gather data/metadata for a comprehensive brain cell census. These projects focused on multiple brain regions from several vertebrates (e.g., zebrafish, mouse, rat, and human) using a variety of advanced technologies. Awardees collaborated to define collection processes and standards to describe experiments and datasets, as well as combine analyses. These BRAIN-funded projects led to technological advances in highthroughput single-cell transcriptomics Habib et al., 2016; McKenna et al., 2016; Shekhar et al., 2016; Tasic et al., 2016) , epigenomics (Mo et al., 2015; Mo et al., 2016) , new tools for targeting brain cell types (Deverman et al., 2016; He et al., 2016) , as well as tools to establish their developmental lineage. As a sign of their potential clinical value, initial projects have described novel cell types and provided insights into mechanisms of human brain development Nowakowski et al., 2016a; Silbereis et al., 2016; Won et al., 2016) , as well as into developmental abnormalities associated with Down syndrome (Olmos- Serrano et al., 2016) and Zika virus infection (Nowakowski et al., 2016b; Onorati et al., 2016; Retallack et al., 2016) .
The high-throughput single-cell transcriptomics component has grown at such a pace that last year NIH launched a BRAIN Initiative Cell Census Network (BICCN) team science project to build a comprehensive mouse brain cell atlas and to advance scalable technologies to integrate morphological, connectivity, and physiologic data (Ecker et al., 2017) . The BICCN will collaborate with a broad community to define and build the required informatics backbone for this project, allowing the universe of scientists to explore it with their own classification algorithms. Technology developments, such as classification of postmortem human brain cells by single-cell analysis of nuclei (i.e., nuclear RNA-seq) (Krishnaswami et al., 2016) or chromatin structure (Luo et al., 2017) , suggest that a reference brain cell census of at least parts of the human brain may be within reach by 2025.
2. Maps at multiple scales. Generate circuit diagrams that vary in resolution from synapses to the whole brain.
Aspirational goal: Electron microscopy (EM) level connectomes of the Drosophila and zebrafish brain are under development. Major advances in tract-tracing through 3D EM datasets make EM level maps of the mouse brain and multiple human nuclei feasible. In addition, mesoscale connectome maps of the human brain at the level of a few microns might be possible.
The various cell types of the brain are in turn organized anatomically into circuits of formidable complexity. A given neuron, for example, receives myriad synapses on its intricate array of dendrites, processes those inputs, and sends outputs throughout large expanses of the brain, making multiple, ordered connections. Defining these anatomical substrates of brain processing is a challenge met by various BRAIN projects. EM-based reconstructions of brains of zebrafish (Hildebrand et al., 2017) and Drosophila (Takemura et al., 2017), as well as pieces of mouse cortex have demonstrated the feasibility of mapping aspects of this complexity at a fine scale, enabled by advances in computational techniques that facilitate automated segmentation and tract tracing (Fig. 2) . Methods to clear and expand tissue can enable super-resolution imaging Ku et al., 2016; Tillberg et al., 2016; on an even finer scale. Still, the scaling problem is enormous, and additional high-throughput approaches will be needed to take full advantage of these methods.
Novel technologies promise to open up new horizons in connectivity mapping. Cell-specific reagents, such as anterograde transported viral tracers allow for dissection of connections to and from genetically identified cells, promise the possibility of cellular connectivity maps (Wall et al., 2016) . Progress in "barcode" technologies that insert cell-type specific RNA labels at the synapse may better expose the brain's wiring for examination by high-throughput sequencing technologies (Peikon et al., 2017) . Whether these microscale techniques can ever be scaled up to mapping of the whole human brain remains aspirational. Meanwhile, researchers are growing increasingly complex cerebral organoids in vitro derived from human pluripotent stem cells that may inform our understanding of the development of brain circuits in humans, as well as some level of their functional properties (Di Lullo and Kriegstein, 2017) . This represents an area where integrated neuroethics considerations will be crucial because, as the models improve (i.e., the more accurately they approximate aspects of human brain function), the greater the level of ethical concern.
Mesoscale maps in people are possible with advanced MRI techniques. The NIH Blueprint for Neuroscience Research's Human Connectome Project acquires and shares data from structural and functional neuroimaging studies in thousands of living individuals across the lifespan (https://www.neuroscienceblueprint.nih.gov/ connectome/index.htm). New techniques, such as optical computed tomography (Men et al., 2016; Tong et al., 2017) and high-density x-ray computed tomography (Dyer et al., 2017) , offer the promise of high resolution, postmortem, whole-brain connectomics as gold standards for in vivo mesoscale maps.
3. Brain in action. Produce a dynamic picture of the functioning brain by developing and applying improved methods for large-scale monitoring of neural activity.
Aspirational goal: Technological advances from the BRAIN Initiative will achieve the goal of recording from ensembles of hundreds of thousands of neurons to understand how network activity underlies complex behaviors in mammals.
Integral to the BRAIN Initiative is the development of tools that enable scientists to capture and characterize circuit activity. Genetic approaches allowing cell-specific readouts of optical signals tied to brain activity, as well as advances in electrode design, have ushered in a new age of neurophysiology. Combining multiple technologies enables exploration of circuits at a new level of detail (Yamawaki et al., 2016) . Additionally, recruiting scientists from engineering, physics, material science, chemistry, and other disciplines to provide solutions to the problem of capturing neural signaling with high fidelity, minimal distortion, and at multiple spatial scales simultaneously is crucial for the Initiative. Indeed, the BRAIN Initiative funded an equal number of investigators trained in engineering relative to those trained in neuroscience in 2016. Still, discovering technical solutions to these complex biological problems will require finding new, better ways to tap the tremendous skill and knowledge in a diverse set of disciplines outside of neuroscience.
In the first 2 years of the Initiative, NIH issued Requests for Applications aimed at recording and modulating neural activity with cellular resolution. The Requests for Applications targeted distinct stages in the technology cycle, including early concept development, proof-of-principle experiments, and optimiza- tion/iteration with end-users. Early published results include sophisticated electronics and novel electrodes enabling massively parallel, more stable electrophysiological recordings from neurons (Bennet et al., 2016; Liberti et al., 2016; Patel et al., 2016; Trumpis et al., 2017) . Advanced optical methods are similarly enabling high-speed imaging of wide expanses of cortex in the mouse (Bouchard et al., 2015; Lauterbach et al., 2015; Kong et al., 2016; Prevedel et al., 2016) , in other tissues (Horstmeyer et al., 2015; Ruan et al., 2015) , or with noninvasive methods (Ouzounov et al., 2017) . To achieve even deeper imaging, lightweight endoscopes have been developed both through Small Business Innovation Research funding (https://projectreporter.nih.gov/ project_info_description.cfm?icdeϭ0&aidϭ9255696) and a noncommercial open source alternative: www.miniscope.org/ . Optical voltage sensors promise even more rapid imaging of neurons and subcellular compartments Abdelfattah et al., 2016; . These and other fluorophore probes are being optimized for brightness, photostability, and for red-shifted spectral characteristics for deeper brain imaging (Bajar et al., 2016; Chu et al., 2016a; Rodriguez et al., 2016) . Even more sophisticated probes for subcellular calcium (Berlin et al., 2015) and neurotransmitters, such as serotonin, are showing promise (Liang et al., 2015) . Finally, entirely new ways of imaging cellular-level activity, such as photoacoustic methods (Yao et al., 2015 (Yao et al., , 2016a Wan et al., 2016; L. V. Wang and Yao, 2016; Deán-Ben et al., 2017) , offer the promise of expanding our ability to reach deep brain regions currently inaccessible to optical signals that become scattered as they pass through brain tissue.
Throughout the BRAIN Initiative, there is an attempt to coordinate technology development for animal experimentation that may someday be useful in humans. In that vein, multiple projects are underway to advance current technologies for invasive as well as noninvasive monitoring of human neural activity. Techniques, such as functional magnetic resonance imaging (fMRI), moved us toward being able to understand higher-order cognitive functions, but the BRAIN Initiative holds promise of delivering tools that give us unprecedented precision of measuring brain activity and accessibility for widespread use in humans.
Comparing simultaneously obtained intracranial neural recordings with noninvasive signals can greatly advance the power of the latter to reveal the meaning of neural activity. For example, researchers and practicing physicians might one day use lightweight brain-scanning helmets that could precisely, rapidly, and noninvasively assess brain circuit function to facilitate diagnosis of mental illnesses. Human EEG was developed in the 1920s, and more innovative brain circuit-monitoring technology is critically needed to improve current abilities to read brain activity. If successful, there would be a host of attendant issues for societies to navigate, including the ethical implications of identifying preclinical and prodromal states for various neurodevelopmental or neurodegenerative disorders. This has been discussed at length with respect to Alzheimer's disease (see, e.g., Klein and Karlawish, 2013; Peters et al., 2013) . Additionally, as we develop better tools to monitor neural activity, we will need thoughtful discussion of issues around the privacy, ownership, and use of these brain data, and consideration of how brain data are unique in a way that clinical data about other organ systems are not. The ethical implications here extend beyond the medical domain, as our improved ability to measure the neural substrate for cognition, emotion, and behavior will likely shift our conceptions of privacy, agency, and personal responsibility (Farah and Wolpe, 2004) .
4. Demonstrating causality. Link brain activity to behavior with precise interventional tools that change neural circuit dynamics underlying complex behavior.
Aspirational goal: Investigators will be able to create patterns of activity in animal and human brains that cause complex behaviors.
Recording complex patterns of activity of many neurons during behavior will yield correlative information about the relationship between neuronal circuit activity and behavior. Demonstrating that these patterns are causally related to behavior requires the development of tools that can modify neuronal activity in equally complex spatiotemporal patterns. Commonly, investigators now use tools that rely on application of light or chemicals to change the firing rate of classes of neurons specifically engineered to contain responsive proteins capable of modulating neural activity or biochemistry. While the toolbox of such proteins and their actuators is expanding, the available tools have a dynamic range of effects that poorly approximate cells' natural behavior. New tools are needed to simulate the precise, complicated firing patterns that neurons use to transmit information if we are to achieve the ambitious goal of modeling the complex network activity of entire ensembles of neurons.
Accordingly, NIH is funding the development of a suite of invasive and noninvasive tools for interrogating and modulating circuits. Early published results include new silicon-based electrodes with integrated micro-Light emitting diode (LEDs), facilitating experiments that combine directed optogenetic stimulation and electrical recording Wu et al., 2015) . New wavefront-shaping techniques permit complex 3D holography for precisely patterned optogenetic stimulation 2016; Conti et al., 2016; Hernandez et al., 2016) . Novel channel opsins are being optimized for targeted, single-cell stimulation (Govorunova et al., 2016) , as are photoswitchable receptors for precise interventions Reiner et al., 2015; Berlin et al., 2016) , and the toolbox for chemogenetic neuromodulation now has a novel designer ligand-receptor pair (English and Roth, 2015; Vardy et al., 2015) . New strategies for noninvasive imaging and modulation include MR contrast agents for imaging calcium dynamics (Bartelle et al., 2016) , which would revolutionize fMRI. Other methods under development harness radio frequency (R. Stanley et al., 2016) , or ultrasound energy (Ibsen et al., 2015) to noninvasively modulate specific neurons.
In tandem, neuroethics research is needed to inform ethical questions that arise when considering using these tools in people: How best can we manipulate neural activity in a way that is respectful of individual agency, autonomy, and personal identity? How should we conceptualize risk in human intracranial recording and stimulation studies, and how should investigators convey such risks to research participants as part of the informed consent process? How should the informed consent process be designed to respect consent capacity fluctuations due to brain disorder, treatment, or both? These are important questions to address as our ability to manipulate neural activity increases in sophistication.
5. Identifying fundamental principles. Produce conceptual foundations for understanding the biological basis of mental processes through development of new theoretical and data analysis tools.
Aspirational goal: Teams of scientists working with highdensity structural and functional maps of specific neural circuits will develop mathematical models that describe the contextdependent information processing in key brain circuits in a variety of animal models.
One might consider the discovery of a novel alphabet and its application toward a new language as a metaphor of taking a census of brain cell types and building new maps of the functioning brain. As a deluge of data on the firing patterns of ensembles of neurons (or circuits) in the context of behavior becomes available, there grows a need for new analytic methods and infrastructure established by tested theories. Expanding the metaphor, this research that links firing patterns and behaviors will tease out the words, phrases, sentences, and paragraphs in these data. The BRAIN Initiative provides a unique opportunity to assess and integrate existing theories in neuroscience. The Theories, Models, and Methods program promotes the development of new theories that can be widely used by the broader community. These theories and their resulting instantiation in mathematic applications and computational models facilitate model-driven experimental designs to help test the model's predictive power. Indeed, a complete understanding of a circuit can depend on the ability to construct robust computational models that not only describe the linked repertoire of behaviors, but also how behaviors may change by altering circuit activity . Standardized protocols for data management and acquisition can be linked to metadata that describe the details of the experiments so that others can replicate, refute, or offer different theories that better fit the data. Ultimately, the goals are to reveal the building blocks of the neural code, and how the brain processes information. This aspect of the BRAIN Initiative calls for multidisciplinary research teams of scientists with sophisticated information processing skills to explore neural data, develop and apply new analytical tools, and construct models that predict behavior from the firing patterns, predict changes in behavior that result from precise circuit manipulations, and even predict firing patterns for novel behaviors. In contemplating the overall success of the Initiative, incorporating such theories and models will speed the development of transformative projects with the potential to create or overturn fundamental paradigms in neuroscience (Antic et al., 2018) . In the end, only when we have complete models for systems as complex as the circuits underlying behavior will we achieve a complete understanding of the brain.
To apply newly emerging technologies toward understanding brain circuits, NIH is funding team projects to develop wideranging studies of circuit-level anatomy and function in the context of specific behaviors. Initial data from these studies yielded insights into circuit processing in a variety of animals and neural systems. These include small organisms, such as the larval zebrafish (Bianco and Engert, 2015; and fruit fly (Weir and Dickinson, 2015; Suver et al., 2016; Tuthill and Wilson, 2016; Weir et al., 2016) , which allow comprehensive assays of entire circuits. In songbirds, learned behaviors can be studied on millisecond time scales aligned with neural activity (Liberti et al., 2016) , and nonhuman primates offer neocortical brain regions that are direct orthologues of human counterparts (Sunkara et al., 2016) . Using rodents, projects have elucidated circuit mechanisms in the retina (Baden et al., 2016; , olfactory bulb (Chu et al., 2016b) Makino et al., 2016; Sugihara et al., 2016; Watson et al., 2016; Khoshkhoo et al., 2017) . In addition to the insights from these experiments, the BRAIN Initiative is supporting investigators who review and assess theories and data analysis methods to uncover fundamental principles of neural coding (Lisman, 2015; Aljadeff et al., 2016; Rajan et al., 2016; Panzeri et al., 2017) and, together with the National Science Foundation, the Initiative funds the Collaborative Research in Computational Neuroscience program.
6. Advancing human neuroscience: Develop innovative technologies to understand the human brain and treat its disorders and create and support integrated human brain research.
Aspirational goals: BRAIN technologies for recording and modulating circuit activity in patients will enable the diagnosis and treatment of neurological, psychiatric, and substance use disorders with accuracy and effectiveness that far exceed current methods and at earlier stages of illness than is currently possible.
Comparative species studies will identify structural and functional features that are shared among species as well as those that underlie unique human neural capabilities.
Advancing understanding of what gives rise to human characteristics and experiences (language, thoughts, actions) is a critical component of the BRAIN Initiative. Discovering the diversity of cell types, connections, and neural activity patterns, and demonstrating the causal relationships between these structural and functional characteristics and behavior, are the fundamental building blocks of a scientific approach toward understanding the brain. Applying this approach to the human brain is crucial if we are to attempt to measure and alter circuit activity to treat neurological, psychiatric, and substance use disorders. The Initiative's Research Opportunities in Humans program provides resources for understanding human neuroscience in unprecedented mechanistic detail by bringing together neurosurgeons, neurologists, neuroscientists, neuroengineers, and theoretical modelers with direct access to brain circuits. These interdisciplinary teams will explore underlying important human capacities. Additionally, the project teams will build our knowledge base of capacities shared across species, such as volition, emotion, decision-making and action-regulation, memory, and complex navigation, with a focus on circuitry in the human brain. This program encourages the preservation of acquired human data so that it can be shared with other researchers, maximizing the usefulness of the extremely limited data collected during clinical procedures.
To develop such comprehensive understanding, circuit technologies, such as chemogenetics, optogenetics, and optical neuroimaging, must be developed for use in humans. To this end, BRAIN investigators are developing viral vectors capable of delivering genes into specific brain regions via injections; such vectors are already being tested in human clinical trials. Their application for circuit modulation with increased precision above what is currently possible with electrical deep brain stimulation may not be far behind. Noninvasive targeting of neural circuits in animals and humans presents another area of investigation in BRAIN, including new methods to monitor neural activity, such as high-resolution fMRI measurement of cortical column activation , and rigorous characterization of the biological bases of fMRI signals (Bartelle et al., 2016). As noted, NIH is funding grants for the development of next-generation imaging technologies for application to humans, with promising innovations based on improved coil designs, new materials, and new contrast agents, as well as projects for novel noninvasive neuromodulation technologies (Fig. 3) Setsompop et al., 2018) .
While these technologies in development are the promise of the future, there are clear opportunities to improve upon and use implantable devices for novel treatments in the near term. The BRAIN Initiative supports innovative research to improve upon current electrical deep brain stimulation for neurological and psychiatric disorders. A Public-Private Partnership Program (https://braininitiative.nih.gov/resources/BRAIN_PPP/) engages commercial device manufacturers, and the Initiative funds translational projects for therapeutic benefit in a variety of disorders (with additional funded projects expected in 2018), including Parkinson's disease, essential tremor, epilepsy, obsessive-compulsive disorder, major depressive disorder, traumatic brain injury, stroke, tetraplegia, and blindness (Swann et al., 2018) .Theseprojectsaimtoproduceearlyfeasibility clinical studies to serve as a bridge to larger-scale efforts for market approval for a sustained therapeutic treatment.
Because of the inherent uncertainties in developing neuromodulation therapies, NIH staff monitor these projects carefully, with strict milestones for device testing and patient recruitment. This is also an area ripe for neuroethics inquiry and integration, as advances in human neuroscience carry unique ethical, legal, and social implications. In the words of the French philosopher Bruno Latour, "Science not only provides solutions, it also generates deeper and more expansive questions." Indeed, our quest to understand the human brain better will raise profound questions about who we are, how we relate to each other, and what that might mean for the societies in which we live. The NIH BRAIN Initiative's Neuroethics Division is developing a set of points to consider for investigators in this space, regarding issues related to invasiveness, risk assessment, informed consent, and long-term obligations to implanted patients. Relatedly, the NIH BRAIN Initiative launched a neuroethics research program, with grants supporting inquiry on the neuroethical issues associated with BRAIN Initiative research, including the use of novel neurotechnologies for clinical indications.
7. From BRAIN Initiative to the brain. Integration of the new technological and conceptual approaches that are produced to discover how dynamic patterns of activity transform into cognition, emotion, perception, and action in health and disease.
Aspirational goal: Data infrastructure built for BRAIN will serve as a platform for data from across the larger neuroscience community and catalyze an even more complete understanding of brain function. The BRAIN Initiative presents exciting, unique opportunities to explore a variety of paths to understand brain function. Countless possibilities arise by engaging teams of scientists to work in a coordinated fashion to build knowledge to answer important, often complex, questions. The integrated neuroscience projects in the BRAIN Circuit Programs (BCP) offer a new way to organize teams of investigators to bring together approaches that span methodological domains, spatiotemporal scales, and multiple species in a quantitative and model-driven manner. The aim is to understand well-defined behaviors and neural systems at realtime resolution in specifically identified circuits: that is, with in vivo mechanistic understanding of subsecond activity patterns for whole ensembles of cells, as well as the emergent neural information embedded in those patterns. The Initiative BCP teams are coordinating the data management and data science efforts of these awards to maximize the reuse of these data for any interested scientists, for years to come. Additionally, the Initiative allows the scientific community to pursue complex projects that were previously considered too labor-intensive to be undertaken in single laboratories. The BICCN comprehensive center on establishing a mouse brain atlas represents such a project. Both of these examples (BCP and BICCN) require sophisticated means for acquiring data in a standardized manner to enable data sharing among the participating laboratories to assemble the final product. Such data archives should prove valuable not only to the project scientist, but to the wider community of neuroscientists and computational scientists as well. These researchers need to enable data analyses to occur across the globe as opposed to the confines of individual laboratories. As the BRAIN Initiative builds knowledge bases along the range of spatial and temporal scales using multiple techniques, and with the application of a variety of analytic tools, the challenge becomes integrating information across the spectrum of studies to inform a complete, synthetic model of brain function. The success of the Initiative rests, in large part, on whether it can spur a cultural change in how neuroscience research is performed and its findings are shared.
The Initiative attempts to integrate technologies and conceptual approaches on all fronts, ranging from mapping cell types and monitoring circuits for understanding their function (ElBoustani and Sur, 2014; Morgan et al., 2016; Rajan et al., 2016; Panzeri et al., 2017) to technology dissemination and therapy development (Krook-Magnuson et al., 2015; Thung et al., 2016) . To tackle the challenges associated with aggregating and maintaining the diverse data types emerging from BRAIN Initiative studies, NIH supports a multipronged approach to address the unique needs associated with different subdomains of neuroscience data. In 2017, NIH funded a Brain Cell Data Center, which will integrate data collected from BRAIN-funded cell census production sites, and from collaborating investigators, and NIH released solicitations for developing standardized data descriptions, archives for cloud-based storage and community access, and software tools for data processing and analysis (Ai-Awami et al., 2016) . In addition to disseminating data, NIH must determine how best to circulate the complex tools generated by the Initiative, and how to train investigators to use these new tools optimally. This requires generosity and cooperation of the tool creators, as well as an infrastructure to support manufacturing, distribution, and training with the tools. The NIH BRAIN Initiative small business grants support the commercialization of BRAIN tools, but there is concern that this may not be sufficient for some technologies. The effort, time, and expense of the process of establishing safety before use in humans could slow the translation of neurotechnologies funded by the Initiative from the preclinical phase to benefitting patient populations. Unique types of public-private partnerships could address these challenges that lie outside the scope of NIH, as established in legislation.
Conclusions and looking ahead
Informed by the BRAIN 2025 strategies and regular discussions with the scientific experts on the BRAIN MCWG, the NIH BRAIN Initiative is a dynamic and multifaceted science program focused on understanding the dynamics of information flow occurring in neural circuits. In charting the second phase of the Initiative, the NIH is embarking on a process of obtaining input from the wider scientific community. With BRAIN 2025 as a guide, the ACD BRAIN Initiative Working Group will seek to identify new specific scientific questions from high priority research areas that now can be interrogated given the emerging set of tools and neurotechnologies. This planning effort will include a focused exploration of the neuroethical implications that may arise as the science produces new neurotechnologies, and those technologies are applied toward advancing the goals of the NIH BRAIN Initiative. The excitement of the current progress will enable our partners in science to expand the vision of what the BRAIN Initiative can accomplish in the years ahead.
We are at a new threshold of discovery; already, an explosion in techniques and methods has advanced science in particular areas. More than 350 years after Descartes famously noted "I think, therefore I am," we are finally crafting the tools to understand how we think-and how that makes us who we are. However, technological challenges remain, especially in domains requiring large-scale efforts to achieve a comprehensive analysis of circuit activity in human brains, and in recording ensemble activity deep in the brain. The BRAIN Initiative demonstrates that our inherent inquisitiveness about how the brain functions can be a powerful draw for scientists from myriad disciplines. Looking ahead, we anticipate an increasing need for innovative computational scientists and theorists to unravel the neural information code, and for scientists from physics, chemistry, material science, and bioengineering to present breakthrough technologies that enable experiments on a scale not currently possible. The experimental neuroscience community must make primary data available for analysis by the most powerful methods and strive for rich collaborations with scientists from other disciplines. Moreover, the necessity of theoretical insights to transform how we understand the brain and achieve novel paradigms should not be understated. Theorists can find areas to contribute across the entirety of the Initiative but only if quality data and metadata are available for anlysis. Together, we can develop the tools that break through our current limitations to monitor and modulate neural circuits. With diverse scientists jointly working in novel team structures, often in partnership with industry, and sharing unprecedented types and quantities of data, the BRAIN Initiative offers a unique opportunity to open the door to a golden age in brain science and improved brain health for all.
